Several recent works have reported the detection of an unidentified X-ray line at 3.55 keV, which could possibly be attributed to the decay of dark matter (DM) particles in the halos of galaxy clusters and in the M31 galaxy. We analyze all publicly-available XMM-Newton data of dwarf spheroidal galaxies to test the possible DM origin of the line. Dwarf spheroidal galaxies have high mass-to-light ratios and their interstellar medium is not a source of diffuse X-ray emission, thus they are expected to provide the cleanest DM decay line signal. Our analysis shows no evidence for the presence of the line in the stacked spectra of the dwarf galaxies. It excludes the sterile neutrino DM decay origin of the 3.5 keV line reported by Bulbul et al. (2014) at the level of 4.6σ under standard assumptions about the Galactic DM column density in the direction of selected dwarf galaxies and at the level of 3.3σ assuming minimal Galactic DM column density. As a by-product of our analysis, we provide updated upper limits to the mixing angle of sterile neutrino DM in the mass range between 2 and 20 keV.
I. INTRODUCTION
In a recent work, Bulbul et al. [1] , Boyarsky et al. [2] reported the detection of an unidentified 3.55 keV line in the analysis of stacked data on galaxy clusters observed by XMM-Newton, in the observations of individual galaxy clusters (Perseus) and in the Andromeda galaxy. In the absence of obvious options for this line to be of instrumental/astrophysical origin (see, however, Jeltema and Profumo [4] ), the authors invoked the possibility for the line to be produced in the decay of Dark Matter (DM) particles populating the halos of the considered structures. Assuming a sterile-neutrino nature of the decaying DM (see e.g. Dodelson and Widrow [5] , Asaka et al. [6] , Lattanzi and Valle [7] and references therein), Bulbul et al. [1] obtained a value of sin 2 (2θ) ∼ 6.8 × 10 −11 for the the mixing angle of the sterile neutrino and a particle mass m DM of 7.1 keV. These parameters are consistent with the previouslyderived upper bounds on sin 2 (2θ) from observations of the extragalactic diffuse X-ray background [9, 10] ; galaxy clusters [11] [12] [13] ; the Milky Way, Andromeda (M31) and Triangulum (M33) galaxies [10, 11, [14] [15] [16] [17] [18] and individual dwarf spheroidal (dSph) satellites of the Milky Way [15, [19] [20] [21] [22] [23] [24] .
The signal from decaying DM is expected to be strongest from the most nearby source, our own Milky Way galaxy. However, the signal is distributed over the entire sky, so that it is not straightforward to look for this signal using narrow-field X-ray telescopes. Besides, the radial density profile of DM in the Milky Way is somewhat uncertain, especially in its central part, where a significant contribution to the overall matter content of the Galaxy comes from the baryons. Recently RiemerSorensen [25] analyzed Chandra data on the Galactic Center (GC) region, finding no clear evidence for the 3.55 keV line (see however Boyarsky et al. [3] ). The non-detection of the signal from the GC was found to be consistent with the existence of the DM sterile neutrino with parameters suggested by Bulbul et al. [1] for the most conservative assumptions on the DM density profile in the innermost part of the Galaxy.
The signal from the Milky Way halo is superimposed on approximately equally strong signal from the DM halos of nearby dSph galaxies in the direction of these sources. Combining the two signals and additionally stacking the signal from all the observed dSph systems, an improved sensitivity to the DM decay line can be obtained compared to the previously-reported constraints from the Milky Way or individual dSph galaxies.
In the following, we perform a stacked analysis of dSph galaxies using XMM-Newton data. In spite of a shorter overall exposure compared to the stacked galaxy cluster dataset analyzed by Bulbul et al. [1] , the signal from the dSph is cleaner than in galaxy clusters, because the interstellar medium of dSph galaxies is not a source of thermal X-ray emission, contrary to the intracluster medium of the galaxy clusters. The work presented here is organized as follows. In the next section, we discuss the expected flux level from the dSph galaxies (Sect. II A) and the contribution of the Milky Way (MW) halo to the observed signal in Sect.II B. The details of the XMMNewton observations and of the analysis procedure are given in Sect. III. Finally, the results are summarized and discussed in Sect. IV.
II. EXPECTED SIGNAL FROM DM DECAY

A. dSph galaxies
The decay of DM particles of mass m DM results in a line at the energy ǫ = m DM /2 and flux
where M DM,F oV is the total DM mass within the field of view (FoV) of the telescope. In the case of sterile ph cm 2 s
Note, that the flux (3) does not depend on the exact DM distribution, but only on the total mass inside the telescope's FoV. The latter can be measured with greater accuracy than the measurement of a profile. The uncertainty in the expected DM decay flux (3) can be directly propagated from the uncertainties in M DM measurements.
In our work we consider the sample of dwarf spheroidal galaxies presented by Wolf et al. [27] , where the authors obtained accurate estimates of the DM mass inside the half-light radius, i.e. the radius within which half of the total light is observed. The choice of this integration radius is motivated by the fact that this radius minimizes the uncertainty in the enclosed mass. In Table I we summarize the available data on dSphs for which archival XMM-Newton data are available. These data (from Wolf et al. [27] ) quote the mass estimates M 1/2 within the half-light radius, together with the uncertainties and the values of the half-light radius both in physical distance (r 1/2 ) and apparent opening angle (θ 1/2 ). For a number of dSphs (e.g. Ursa Minor), the half-light radius exceeds the size of the XMM-Newton FoV, θ F oV ≃ 15
′ . This implies that only a fraction of the DM decay signal is visible in a single XMM-Newton pointing. In what follows we take this effect into account for the estimation of the DM flux from these particular galaxies. Namely, we assume that the mass within the FoV scales as M DM,F oV ∼ θ F oV for the sources with θ 1/2 > θ F oV , taking into account the fact that the velocity dispersion profiles of dSphs are flat, see e.g. Walker et al. [28] , Walker [29] and references therein.
B. Milky Way
The DM decay flux from the Milky Way halo is typically comparable to the flux from isolated distant sources, like dSph galaxies or galaxy clusters [30] . The flux from DM decay in the Milky Way within the telescope field-
is determined by the column density of the DM
where r = 8.5 kpc is the distance from the Sun to the centre of our Galaxy and the angle φ relates to the galactic coordinates (l, b) as cos φ = cos b cos l. For a source of angular size θ, the contribution of the MW to the DM decay flux is
To estimate the column density S of Galactic DM in different directions, we adopt the models of the DM halo of the Milky Way discussed by Klypin et al. [31] . Klypin et al. [31] have adopted the Navarro-Frenk-White (NFW, Navarro et al. [32] ) profile
in which the characteristic density ρ s and radius r s are free parameters estimated from the data. The uncertainty in the column density as well as in the radial DM density profile arises from the difficulty of disentangling contributions from the visible and DM components to the Galaxy rotation curve. In what follows we consider the "favoured NFW" model of Klypin et al. [31] for the estimate of the mean Milky Way DM column density in the direction of individual dSphs (with ρ s = 4.9 × 10 6 M kpc −3 , r s = 21.5 kpc). To estimate how the uncertainty propagates to the limits on the mixing angle of sterile neutrino DM, we also consider the column densities of Galactic DM deduced from the "max-
of Klypin et al. [31] . We refer to this estimate as the minimal Galactic DM contribution to the signal. For each position in the sky the minimal DM column density is 2-3 times lower than the estimated mean column density. The expected Galactic contribution to the DM decay flux from individual dSphs is given in Table II . The total expected DM decay flux from the direction of each dSph galaxy is the sum of the fluxes given in Eqs. (3) and (6).
III. OBSERVATIONS AND DATA ANALYSIS
The details of the XMM-Newton observations of the dSph galaxies selected for this analysis are summarized in Table III . We collected all publicly-available observations of eight dSphs with exposures exceeding 10 ks. The total exposure time of the observations is ∼ 0.6 Msec. In most cases, the observations were already used for the search of the DM decay signal and upper bounds on the sterile-neutrino DM mixing angle were already derived on a source-by-source basis [21] [22] [23] . The goal of our reanalysis of these data is to stack the signal from all the dSphs to increase our sensitivity to the DM decay line. We processed the raw data with the ESAS (v.0.9.28 as part of XMM SAS v.13.5) reduction scheme [33] [41] using the calibration files from May 2014. Within this scheme, we produced cleaned event files by removing the periods of soft proton flares. After the flare removal, we performed a self-consistency check on the level of contribution of residual soft protons to the background flux, following Leccardi and Molendi [34] . This contribution is found to be less than ∼ 20% in all observations. In any case, the spectrum of the soft protons is featureless, so our line search is unaffected by soft-proton contamination. We masked all the detected point sources in the FoV using the ESAS task cheese, such that only the signal from the extended DM halo of the dSphs is taken into account. We then extracted spectra and images of the extended emission using the ESAS tasks mos-spectra and pn-spectra. These tools use a collection of closedfilter data to estimate the local non X-ray background (NXB) by scaling the normalization of the closed-filter spectra to match the count rates measured in the unexposed corners of each of the three EPIC detectors.
We stacked the spectra of all the dSph observations using the addspec routine, to obtain mean MOS1+MOS2 and pn spectra. We then fitted the resulting spectra in the 0.7-10 keV energy band with the sum of models representing the astrophysical and NXB contributions. We ignored the energy interval 1.2-1.8 keV from the fit, as this range is affected by the presence of strong and timevariable Si Kα and Al Kα fluorescence lines.
Instead of subtracting the NXB spectra directly from the data, we modelled the NXB spectrum using a phenomenological model including all known fluorescence lines (see Appendix B of Leccardi and Molendi [34] ) and added this model as an additive component to the fit. This method has the advantage of retaining the original statistics of the spectrum and allowing for possible variations of the NXB level, e.g. caused by soft protons. During the fitting procedure, we fixed the spectral shape of the particle-induced continuum to the values obtained from the closed-filter data, since this component is known to be stable with time [34] . On the other hand, we leave the normalizations of the instrumental lines free while fitting. In the case of the pn camera we also need to model the Ca line at ∼ 4.6 keV. We note that no instrumental line is observed between 3 and 4 keV, thus this analysis is suitable for the detection of an additional emission line in this energy range. For the details of the analysis procedure, we refer the reader to Eckert et al. [35] . The astrophysical background and foreground contribution is modelled as the sum of a power law representing the cosmic X-ray background (CXB) and two apec models for the Galactic emission. The combined fit is reasonably good, with χ 2 /DOF = 595.5/576. In Fig. 1 we show the stacked spectra and best-fit model for pn (red) and MOS (black). The residuals from the fit are displayed in the bottom panel of the figures. The main parameters of the fit are given in Table IV . The fit requires the presence of a rather hot component at the temperature of ∼ 0.9 keV, which is significantly higher than the typical temperature [36] ; however the temperature of the Galactic halo is known to vary significantly from one direction to another, and thus such a result is not unusual [37] . In any case, we note that the foreground emission from the MW halo is very soft compared to the energy range of interest for this study (see Fig. 1 ), such that the exact temperature of the foreground component has little influence on our analysis. Moreover, the spectral slope of the CXB, which is the dominant sky component beyond ∼ 1 keV, is in excellent agreement with the canonical value of 1.4 [e.g. 38] . The normalization of the CXB in each individual observation was also found to agree with the measurement of De Luca and Molendi [38] . A closer look at the residuals in the range of interest for this analysis, i.e. the range between 2 and 4 keV, is shown in Fig. 2 .
To search for the DM decay line, we added to the model a narrow gaussian line at a fixed energy of 3.55 keV. The addition of such a line does not provide a significant improvement to the fit. To compute upper limits to the line flux marginalizing over all uncertainties, we sampled the likelihood using a Markov chain Monte Carlo (MCMC) method as implemented in XSPEC v12.8. After an initial burning phase of 5,000 steps, we performed 50,000 MCMC steps and drew the posterior distributions from the resulting chain. The output distribution for the line flux is shown in Fig. 3 . From this distribution we obtained upper limits to the line flux of 2.54 × 10 −7 phot cm −2 s −1 (90% confidence level) and 3.98 × 10 −7 phot cm −2 s −1 (3σ). In addition, we also performed a search for the DM decay line in the entire energy range 2-10 keV, which did not give any positive results. From this analysis we derived an energy-dependent upper bound on the line flux.
The contribution of the individual dSph galaxies to the XMM-Newton signal could be calculated using the information on the instrument effective area A i (found using the plot efficiency command in XSPEC) and the clean exposure t i in each observation. If the expected flux of the DM decay line in the ith observation is F i , the expected number of DM decay photons is N i = F i A i t i . The mean DM decay flux in the entire stacked dataset is then
with the sum being performed over all dSphs observations. Table II gives the information on A i and t i in each observation, together with the estimate of the expected DM decay line flux calculated assuming the sterile neutrino DM parameters suggested by the observations of Bulbul et al. [1] .
IV. RESULTS AND DISCUSSION
Our analysis of the stacked sample of dSph galaxies provides a moderate improvement of constraints on the parameters for sterile neutrino DM, compared to the previously-derived bounds based on the previous observations of the diffuse X-ray background, of individual dSph galaxies, of the Milky Way and of galaxy clusters.
As it follows from Table II, the flux from DM decay expected to be seen in the combination of observations of all dwarves is F mean ∼ 7.4 ± 0.7 × 10 −7 cts/s/cm 2 for mean dark matter column density in the MW and F min ∼ 5.3 ± 0.7 × 10 −7 cts/s/cm 2 for minimal Galactic DM column density. Such a flux was expected to be detected at 4.6σ or 3.3σ levels for the mean / minimal Galactic DM column density models in the stacked dSph dataset. The non-detection of the DM line in the analyzed data sets is, therefore, inconsistent with the assumption that the unidentified line at 3.55 keV is produced by decaying sterile-neutrino DM with parameters suggested by the analysis of Bulbul et al. [1] . This is illustrated by Fig. 4 , where we plot the 2σ upper limits on the mixing angle of the DM sterile neutrino as a function of the DM particle mass. The value of sin 2 (2θ) derived by Bulbul et al. [1] is above the 2σ upper bound for both the mean and minimal Galactic DM column density models.
The calculation of the DM decay line flux from the direction of galaxy clusters by Bulbul et al. [1] does not include the flux from the foreground DM halo of the Milky Way. This is justified if the foreground flux is subtracted in the analysis of the spectra of the galaxy clusters. This is not the case in the analysis of Bulbul et al. [1] , who modelled the cluster spectra together with the instrumental and sky background / foreground in a way similar to the approach adopter here. In this case, the flux from DM in the calculation of the line flux [39] . This should result in a somewhat lower value of the sterile neutrino mixing angle sin 2 (2θ 2 ) from the observed line flux. This effect might potentially relax the inconsistency of the Bulbul et al. [1] result with the dSph data reported here.
The estimates of sin 2 (2θ 2 ) derived by Boyarsky et al. [2] from the analysis of M31 and of the Perseus galaxy cluster are much more uncertain than those derived from the stacked galaxy cluster sample, because of the much larger uncertainty in the DM column density in the two particular individual sources. Taking into account a roughly order-of-magnitude uncertainty in the estimate of sin 2 (2θ 2 ) derived from the analysis of Boyarsky et al. [2] , one could see that our constraints on the DM parameters derived from the dSph data are still consistent with the results of Boyarsky et al. [2] .
Our analysis is only marginally ruling out the possibility of the DM decay origin of the unidentified line at 3.55 keV. An increase of the sensitivity by a factor of ∼ 2 is necessary to firmly rule out the DM decay line hypothesis for the line origin. This is possible already with XMM-Newton (rather than with the nextgeneration telescopes like ASTRO-H), via a moderate increase of exposure towards selected dSph galaxies (e.g. Ursa Minor, Ursa Major II), which are characterized by strong DM decay line flux, but are currently not dominating the stacked dSph signal because of the relatively short exposures. Deeper XMM-Newton observations of these dSphs galaxies would thus be sufficient to test conclusively the DM origin of the 3.55 keV line.
